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Understanding material behavior under high velocity impact is the key to addressing a 
variety of fundamental questions in areas ranging from asteroid strikes1,2 and geological 
cratering3 to impact-induced phase transformations4, spallation5, wear6, and ballistic 
penetration7. Recently, adhesion has emerged in this spectrum since it has been found that 
micrometer-sized metallic particles can bond to metallic substrates under supersonic-impact 
conditions8,9. However, the mechanistic aspects of impact-induced adhesion are still 
unresolved. Here we study supersonic impact of individual metallic microparticles on 
substrates with micro-scale and nanosecond-level resolution. This permits the first direct 
observation of a material-dependent threshold velocity, above which the particle undergoes 
impact-induced material ejection and adheres to the substrate. Our finite element 
simulations reveal that prevailing theories of impact-induced shear localization and melting 
cannot account for the material ejection. Rather, it originates from the propagation of a 
pressure wave induced upon impact. The experiments and simulations together establish 
that the critical adhesion velocity for supersonic microparticles is proportional to the bulk 
speed of sound. 
The phenomenon of impact-induced adhesion of microparticles has presented many interesting 
fundamental questions about materials response under extreme conditions. It has also opened a 
new window in additive manufacturing, as an alternative to high-temperature fusion or sintering 
of particles10,11 to produce bulk component; many metallic particles can be accelerated through 
supersonic nozzles and impacted onto metallic substrates to build a solid material12,13, even when 
there is no applied heat to inspire, e.g., melt formation or liquid-phase bonding. In this area, 
researchers have repeatedly observed a “critical velocity”, a threshold above which supersonic 
particles adhere to the substrate instead of rebounding14–16. A variety of mechanisms have been 
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put forth to explain this empirical observation, such as adiabatic shear instability8, localized 
melting17, viscous type mechanical interlocking18, interface amorphization19, and oxide-layer 
break-up20. However, these putative mechanisms have not been quantitatively supported by 
physical theories nor yet directly observed. In our view, the lack of consensus on the operative 
mechanisms traces to a lack of real-time studies of supersonic micro-particle impact. Such studies 
require spatial (micron) and temporal (nanosecond) resolutions much finer than those provided by 
existing experimental techniques. 
Here we conduct the first in-situ single-particle study of supersonic microparticle adhesion. We 
employ an in-house-designed microscale ballistic test platform21–23 to accelerate micrometer-size 
metallic particles and observe the entire deformation/adhesion process in real time. As 
schematically shown in Fig. 1a, a laser excitation pulse is focused onto a launching pad assembly 
from which single metallic particles are launched toward a target sample by ablation of a gold 
layer and rapid expansion of an elastomeric polyurea film. The particle approach and impact on 
the target are observed in real time using a high-frame-rate camera and a synchronized quasi-cw 
laser imaging pulse for illumination, such as described in ref23.  
Our method resolves the instant of impact with micrometer-scale spatial resolution and 
nanosecond-level temporal resolution. Fig. 1b shows some exemplar results taken for 45-µm Al 
particles impacting an Al target with velocities slightly below and above the critical velocity: 605 
and 805 m/s (± 4%) respectively. At sub-critical impact velocity, the particle rebounded with clear 
flattening and considerable deformation. At above-critical velocity, the particle did not rebound 
but instead adhered to the substrate. These images, also montaged into supplementary videos 1 
and 2, are the first direct observations of the rebound-adhesion transition. Processing images such 
as those in Fig. 1b (see Methods) leads to data such as shown in Fig. 1c, where the coefficient of 
restitution, defined as the ratio between the rebound velocity and impact velocity, is shown as a 
function of impact velocity for four materials. As the impact velocity increases, the coefficient of 
restitution decreases until it eventually goes to zero, revealing the critical velocity for adhesion; 
the method has enabled the first direct measurements of critical adhesion velocity for Cu, Ni, Al 
and Zn particles to matched-material substrates. 
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Figure 1 | In situ observation of microparticle supersonic impact. a, Experimental platform for 
microparticle impact test and real-time imaging. b, Multi-frame sequences with 5 ns exposure 
times showing 45-µm Al particle impacts on Al substrate at 605 m/s (top) and 805 m/s (bottom), 
respectively below and above critical velocity. The micro-projectiles arrive from the top of the 
field of view. Material jetting is indicated with white arrows. c, Coefficient of restitution for Al, 
Ni, Cu, and Zn. The coefficient of restitution is equal to zero above the critical velocity. 
 
Prior to this work, the critical velocity has been determined based on deposition efficiency 
measurements in cold spray experiments16. In such experiments the complex interactions of the 
particles with the hot carrier gas, the bow shock effect in front of the substrate, the lack of 
knowledge of individual particles’ velocity and the indirect nature of the measurement all confuse 
the situation, compromising the accuracy and cleanliness of the data. Conversely, in our data in 
Fig. 1 we observe a clear discontinuity in the coefficient of restitution at the critical velocity, 
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following its roughly linear decline at lower velocities. In addition to providing a clean 
measurement of the critical velocity, the discontinuity also suggests the emergence of a physical 
phenomenon governing particle deformation at critical and above-critical impact velocities. 
Greater insight is provided by the images in Fig. 1b, where the above-critical particle images show 
significant plastic deformation of the particle accompanied by very fast lateral material jet-like 
ejection at the periphery of the particle. 
Based on the above observations, we hypothesize that the formation of an interfacial jet and plastic 
ejection of material is critical to supersonic adhesion. Large plastic deformation, caused by solid-
state jetting, provides fresh metallic surfaces and facilitates pristine atomic contact between 
particle and substrate leading to bonding, in a similar manner as for explosive welding24. The same 
bonding process has been suggested to apply for cold spray coating8,9 but has not been directly 
supported by observations at the individual particle level on the time scale of the impact event 
itself. To evaluate this hypothesis on the basis of deformation physics, we simulated particle 
behavior upon impact using a 3D coupled thermo-mechanical dynamic finite element model (see 
Methods). The main constituents of material behavior in the model include hydrodynamic 
response25 and strain-, deformation rate- and temperature-dependent plasticity26. Importantly, the 
method used here permits fragmentation and surface creation without needing explicit interface-
tracking, and can therefore capture jetting and material ejection when it is mechanically favored. 
Images taken from finite element simulations of copper (Fig. 2a) show that spherical particles 
deform smoothly into an oblate shape at sub-critical impact velocities, with no sign of jet formation 
despite relatively large deformation. Past a threshold velocity, however, our simulations (Fig. 2b) 
feature lateral material ejection, formation of a material jet, and eventual fragmentations in the jet 
region. The particle deformation features shown in Fig. 2 are exemplary of many that we have 
produced, and align well with the direct experimental observations in Fig. 1. The agreement 
between the measured critical velocities and the velocities corresponding to the onset of jetting in 
simulations, shown in Fig. 2c, along with real time observation of jetting before adhesion (Fig 1b) 
and postmortem images of the adhered particles, shown in Extended Data Fig. 1, together all 
suggest that jet formation and subsequent material fragmentation is triggered at the critical impact 
velocity, and that this is directly associated with adhesion.  
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Figure 2 | Computer simulations of microparticle impact. Deformation of a 10-µm Cu particle 
at sub-critical (a) and critical (b) impact velocities. Particles impacted at 300 m/s and 550 m/s 
reach their maximum substrate penetration after 20 and 25 ns respectively. Formation of an 
interfacial jet and plastic ejection of material (shown with black arrows) occur only when the 
impact velocity exceeds a material-dependent threshold. c, Comparison of experiments and model. 
The small differences between the experiments and model could arise from potential particle shape 
deviations from ideal spheres, or the slight particle size differences between the experiments and 
model and the uncertainty in material constitutive parameters that are determined from bulk forms.  
 
These simulations can be used to further explore the underlying physics of material jet formation. 
A first observation is that local melting is not likely involved: Extended Data Fig. 2 shows that 
even at its peak, the plastic-work-induced temperature rise reaches far less than the melting 
temperature for any of the materials tested. This rules out localized melting and consequent viscous 
flow as the origin of material jet formation. Our simulations also suggest that adiabatic shear 
localization is not likely a cause of the jetting: the required thermal softening would cause the 
material strength to fall to values close zero27, whereas Extended Data Fig. 3 shows that the yield 
strength is decidedly not compromised when the material disintegration first occurs in an already-
formed jet. Adiabatic localization is thus not the cause of material jet formation either, although it 
may be a consequence and occur as the jet expands further.  
Classical studies of liquid drop impact on solid and liquid surfaces point to the interaction of a 
shock wave with the particle leading edge as the origin of jetting28,29. When the shock detaches 
from the contact edge and as it moves up the free surface of the particle, release waves propagate 
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from the contact point and accelerate material to a high speed, forming a jet. It is clear from our 
simulations as shown in Fig. 3 that this mechanism is at play in supersonic solid particle impact. 
A strong compressive shock is generated upon impact at the critical velocity and first remains 
attached to the leading edge as shown by the first two images. Within 2 ns after the initial contact 
and as the contact zone expands, the compressive shock overtakes the leading edge. As a result, 
release waves induce material jetting in that region as shown by the image at 2.1 ns. The jet further 
develops until it fragments, as evidenced by the image at 9.1 ns.  
 
 
Figure 3 | Simulations showing the impact-induced pressure during a critical velocity (550 
m/s) impact of a 10-µm Cu particle. The values are expressed as percentage of the bulk modulus. 
Positive values indicate hydrostatic compression. At the early stage of deformation, the pressure 
is on the order of 10% of the bulk modulus, and the interaction of the compressive shock with the 
free surface is shown to be the origin of material jet formation and fragmentation. 
 
Because jetting is a pressure-governed mechanism and the pressure generated upon impact is 
directly related to the impact velocity through the bulk speed of sound (Eq. 1 in SI), we expect the 
bulk speed of sound to be the controlling parameter in adhesion. Indeed, when comparing across 
the different materials we have tested, we find a linear relation between the critical velocity and 
the bulk speed of sound (Fig. 4). These results can be summarized with a simple predictor for the 
critical impact velocity for adhesion of ~10 µm particles: 
𝑉𝑐𝑟,𝑟𝑒𝑓 = 𝛼√
𝐵
𝜌
 (1) 
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where B is the bulk modulus and ρ is density, the square root of their ratio is the speed of sound, 
and α is a constant. α = 0.15 is suggested by fitting the experiments, while a similar value of α = 
0.14 is found by fitting the simulations.  
 
 
Fig. 4 | Revealing critical velocity relation with bulk speed of sound. Together our experiments 
and simulations reveal a linear relation between critical adhesion velocity and the bulk speed of 
sound in metallic materials. The slope for ~10-µm particles impacting matched material substrates 
at room temperature is about 0.15. 
 
We are not aware of prior predictions of critical velocity that speak to the physics of impact-
induced adhesion, i.e. high pressures and jetting governed by the bulk speed of sound. The existing 
relations used to predict critical velocity8,13 are only empirically calibrated and not mechanistic. 
What is more, they suggest a dependency on materials strength, which our analysis and data show 
is in fact not physically appropriate; under identical experimental conditions, softer Al requires 
higher impact velocity than harder Ni to adhere.  This is a reasonable result since under supersonic 
impact conditions the stress levels produced swamp the material strength level by orders of 
magnitude. To further confirm this, our simulations (Extended Data Fig. 4) show negligible effect 
of material strength until it approaches a significant fraction of the impact-induced pressures.  
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Eq. 1 is a simple but powerful heuristic, and it can of course be broadened to incorporate many 
additional physically relevant terms.  For example, in the Supplementary Information we show 
how it can be semi-empirically expanded to include the particle initial temperature (T) and size (d) 
effect on the critical impact velocity. Increasing particle temperature leads to greater flattening 
upon impact, and decreases the critical velocity in a manner that follows a square root dependency 
on the dimensionless temperature, T* = (T-Troom)/(Tmelt-Troom) (Extended Data Fig. 5). Increasing 
particle size results in higher temperatures in the jet region, which in turn affects critical velocity 
(Extended Data Fig. 6). The size effect described in the Supplementary Information is verified by 
the impact experiments on larger Al particles shown in Figure 1b, which confirms a shift in critical 
velocity from 825 m/s for 14 micron particles to 775 m/s for 30 micron Al particles, agreeing well 
with our modeling. 
To summarize, our nanosecond and microscale in-situ observations of impact adhesion have 
provided much needed mechanistic insight to this extreme-conditions phenomenon. By offering 
contrary viewpoints to some widely postulated mechanisms including adiabatic shear instability 
or melting, we propose a new direction of focus: compressive shock interaction with the particle 
leading edge results in material jetting and a mixing flow that provides the clean metallic contacts 
essential for adhesion at the particle/substrate interface. The simple relation between critical 
velocity and the bulk speed of sound established by Eq. 1 and its embellishment with additional 
physical factors should prove useful for the understanding of impact-induced adhesion across a 
range of materials, and for the design of additive manufacturing processes that rely on impact 
adhesion. 
 
METHODS 
Sample Preparation. Two batches of Al powder particles with nominal particle sizes of 20 and 
31 µm were purchased from Valimet (Stockton, USA). Cu, Ni, and Zn with nominal particle sizes 
of 10 µm, 5-15 µm and 6-9 µm respectively, were purchased from Alfa Aesar (Ward Hill, USA). 
Al, Zn, Ni and Cu plates with 3.175 mm thickness were purchased from OnlineMetals (Seattle, 
USA). We used a water jet cutter to extract 15×15×3.175 mm plates for use as the targets for the 
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impact experiments. Each target surface was ground and polished to 1 µm mirror finish prior to 
the impact experiments. 
Launching Pad Assembly. The launching pad assembly follows the design described by Lee et 
al. and Veysset et al. in refs22,23. 10-µm-thick glass substrates (Corning No. 2 microscope cover 
slip) were sputter-coated with a 60-nm thick gold film. A mixture of polycarbodiimide-modified 
diphenylmethane diisocyanate (Isonate 143L MDI, Dow Chemicals) and oligomeric diamine 
(Versalink® P-650, Air Products) with a weight ratio of 1:3 was spin-coated on the gold-coated 
substrates at 750 RPM for 5 min to yield a film thickness of 30 µm after 24-hour curing at room 
temperature. Film thicknesses were measured using a 3D laser scanning confocal microscope (VK-
X200 series, Keyence). Metallic particles were deposited on the substrates using lens cleaning 
papers to spread drops from a suspension of particles in ethanol. 
Impact Experiments. For each experiment, a laser excitation pulse, 10-ns in duration and using 
532-nm wavelength light (Pulsed Nd:YAG, Quanta-Ray, Spectra Physics) was focused onto the 
launching pad assembly from where the metallic particles were ejected. Upon laser ablation of the 
gold film, particles were accelerated to speeds ranging from approximately 100 to 1200 m/s, 
controllable by adjusting the laser excitation pulse energy (from 2 up to 60 mJ). 16-image 
sequences showing impact were recorded with a high frame rate camera (SIMX 16, Specialised 
Imaging) using a laser pulse, 30-µs duration, 640-nm wavelength (SI-LUX640, Specialised 
Imaging), for illumination. The high-speed camera comprises 16 CCDs that can be triggered 
independently to record up to 16 images with exposure times as short as 3 ns. 
Impact speeds and rebound speeds were extracted from the image sequences. An example of 
impact of a 15-µm Al particle on an Al substrate is shown in Extended Data Fig. 7. The full-field 
video is available in the Supplementary Information (Video 3) and has a field of view of 637 × 
478 µm. The measured impact speed is 765 m/s (±4%) and the rebound speed is 35 m/s (±4%). 
The coefficient of restitution is equal to 0.045 (±6%). 
Before each impact test, particles to be ejected were selected using a secondary CCD camera. For 
each impact, the particle diameter was extracted from the image sequence. The measured particle 
diameters for Al, Ni, Cu and Zn are 14 ± 2, 10 ± 2, 14 ± 2 and 11 ± 2 µm, respectively. We have 
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also conducted impact experiments on larger Al particles (45 µm) to resolve the particle 
deformation during impact with 10 ns time intervals. 
Finite Element Model. The induced pressure in supersonic impact of metallic particles can greatly 
exceed the yield stress of the material. In such conditions, where the fractional deviations from 
stress isotropy are small, the behavior of the solid can be approximated by that of a fluid, and an 
Eulerian formulation has proven more effective than a Lagrangian one. Thus, we simulated particle 
behavior in an Eulerian domain consisting of fixed elements in space through which the material 
flows. 
Using ABAQUS 6.14-330, we developed a three dimensional coupled thermo-mechanical dynamic 
explicit model to simulate the high-velocity-impact behavior of metallic particles. Extended Data 
Fig. 8 shows the stationary cube of d×d×2d, where d is the particle diameter, representing the 
possible positions of the particle material’s flow. A scalar parameter, namely volume fraction, was 
assigned to each element such that the model represents a quarter-sphere at the beginning of the 
analysis (visible in the mesh in Extended Data Fig. 8). As the material flows through the Eulerian 
elements, the local volume fraction is computed and the material boundary is updated. 
8-node thermally coupled linear Eulerian brick elements with reduced integration and hourglass 
control were used to discretize the Eulerian domain. After trial runs we chose the element size to 
be d/50. We considered the substrate to be a quarter cylinder of the same material as the particle, 
with 4d radius and 4d height. We discretized the substrate using Lagrangian elements and used a 
frictionless contact algorithm in the impact region. We started the simulations with an initial 
velocity of 200 m/s and increased the velocity in steps of 50 to 100 m/s until we observed impact-
induced instabilities. We then refined our estimation of critical velocity with 25 m/s steps. Normal 
velocities were set to zero for all six faces of the Eulerian domain to prevent material loss. We 
applied a symmetry boundary condition to the substrate lateral faces (normal displacement was set 
to zero), and constrained the substrate bottom against all degrees of freedom. The initial 
temperature of the particle and the substrate was 298 K in all the simulations. 
We simulated the impact behavior for four materials (Al, Cu, Ni and Ta) to cover a wide range of 
physical, thermal, and mechanical properties toward a unified description of critical velocity. In 
each case, the particle material is matched with the substrate material. To capture the 
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hydrodynamic behavior of the particle upon impact the Mie-Grüneisen equation of state (equation 
1) was used27. It defines the pressure, P, as a function of density and internal energy per unit mass 
Em, with η = 1 - ρ0/ρ being the nominal volumetric compressive strain and Γ0 a material constant 
referred to as the Grüneisen parameter. The Mie-Grüneisen equation is linear in energy and 
assumes a linear relationship between the shock velocity (Vs) and the particle velocity (Vp) 
(equation 2) where C0 is the bulk speed of sound in the material and s is an empirically determined 
material constant. 
𝑃 =
𝜌0𝐶0
2𝜂
(1 − 𝑠𝜂)2
(1 −
𝛤0𝜂
2
) + 𝛤0𝜌0𝐸𝑚 (1) 
𝑉𝑠 = 𝐶0 + 𝑠𝑉𝑝 (2) 
The dependency of the yield stress, Y, with plastic strain, strain rate, and temperature is reflected 
by the Johnson-Cook constitutive equation (equation 3)26. Here, 𝜀𝑝 is the equivalent plastic strain, 
𝜀?̇? and 𝜀0̇ are the applied and reference strain rates, 𝑇𝑟𝑒𝑓, 𝑇𝑚𝑒𝑙𝑡 are the reference and melting 
temperatures, 𝐴 is the initial yield stress of the material, B and n are the hardening coefficient and 
the exponent, respectively, C and m are constants describing the flow stress sensitivity to strain 
rate and temperature. Extended Data Table 1 summarizes the physical, thermal, and mechanical 
parameters31–34 for the four materials used in the simulations. The Taylor-Quinney coefficient to 
dissipate plastic work as heat was considered to be 90% in our thermo-mechanical simulations.  
 
𝑌 = [𝐴 + 𝐵𝜀𝑝
𝑛] [1 + 𝐶𝑙𝑛
𝜀?̇?
𝜀0̇
] [1 − (
𝑇 − 𝑇𝑟𝑒𝑓
𝑇𝑚𝑒𝑙𝑡 − 𝑇𝑟𝑒𝑓
)
𝑚
] (3) 
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Supplementary Note 1: Impact-Induced Pressure 
For matched particle and substrate materials, the impact induced pressure in the particle 
and the substrate is given by 
𝑃 =
1
2
(𝜌𝐶0𝑉𝑖 + 𝑠
𝜌𝑉𝑖
2
2
) (1) 
where P is the initial pressure in the shocked material, ρ is the density of the 
particle/substrate, C0 is the bulk speed of sound in the material, Vi is the impact velocity, 
and s is a material dependent coefficient (in the range of 1-2) that relates the velocity of 
the shock wave to the material velocity.  
As discussed in the text, jetting is a pressure-governed mechanism. Identical pressures are 
induced in the particle and the substrate in matched materials impact, making both likely 
susceptible to jetting above the critical velocity, as demonstrated by the post-mortem SEM 
image in Extended Data Fig. 1.  
The substrate in our models has been simulated in a Lagrangian domain where material 
deformation is represented by element deformation. Jetting in the Lagrangian domain 
causes excessive distortions of elements, inducing a high level of uncertainty in the 
calculated stresses, strains and temperatures. Accordingly, to avoid such numerical 
artifacts we effectively modeled the substrate as a deformation platform for the particle, 
and focused on capturing realistic jetting behavior in the particle, which is simulated in an 
Eulerian domain.  
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Supplementary Note 2: Expanding the Relation between Critical Velocity and Bulk 
Speed of Sound to Include Particle Temperature and Size Effects 
 
In Extended Data Fig. 5, 6 we show that increasing particle temperature decreases the 
critical velocity in a manner that follows a square root dependency on the dimensionless 
temperature, T* = (T-Troom)/(Tmelt-Troom) (Extended Data Fig. 5), and that increasing 
particle size results in higher temperatures in the jet region, which in turn affects the critical 
velocity. Variation of the maximum temperature in the jet region with the particle size 
reveals a power relation for all the examined metals with the exponents averaged to 0.12 
+/- 0.01. We can therefore, incorporate these two effects into the relation between critical 
velocity and bulk speed of sound and semi-empirically expand it into equation 2 to address 
different metals, particle sizes and temperatures. In this equation, n is the size effect 
exponent and d0 is our reference size, i.e. 10 µm. 
 
𝑉𝑐𝑟 ≈ 0.15 × √(
𝑑
𝑑0
)−𝑛 × (1 − 𝑇∗) ×
𝐵
𝜌
 (2) 
 
While the temperature dependency in our equation conforms well with what has been 
previously put forward in the literature, we note that the size effect power-law exponents 
are much less (~3 times) than what has been measured earlier13. Such discrepancy can 
possibly be attributed to the fact that the earlier experiments used high-temperature gas 
driven setups, which are not capable of accurately isolating the size effect; smaller and 
larger particles would heat up to different temperatures and experience different turbulence 
effects in the nozzle during spraying. We note that the power value we measured in our 
experiments agrees well with our modeling results, where particle size is controlled to be 
the only variable. 
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Supplementary Videos 
 
Video 1 | Impact of a 45-µm Al particle on an Al substrate at 605 m/s (± 3%) velocity. The 
video has a 637 × 478 µm field of view and an 820 ns duration. The particle does not adhere 
despite clear flattening and considerable deformation. 
 
Video 2 | Impact of a 45-µm Al particle on an Al substrate at 805 m/s (± 3%) velocity. The 
video has a 637 × 478 µm field of view and a 515 ns duration. The particle does not 
rebound, but adheres to the substrate. Formation of an interfacial jet and plastic ejection of 
material is critical to supersonic adhesion. 
 
Video 3| Impact of a 15-µm Al particle on an Al substrate at 765 m/s (±4%) velocity and 
its rebound. The video has a 637 × 478 µm field of view and a 1523 ns duration. The video 
is a montage of 16 images that have been used to measure the coefficient of restitution 
reported in Fig. 1C.  
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Extended Data Figure 1 | Adhered Al Particle. SEM image of an initially 30 µm spherical Al 
particle impacted and adhered to an Al substrate at 950 m/s. Material jet formation is evident at the 
periphery of the particle and the indentation. The authors are not aware of any prior work where 
the impact velocity of such an adhered particle has been directly measured prior to impact and 
reported. 
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Extended Data Figure 2 | Temperature distribution. a. Homologous temperatures at the instant 
of maximum penetration at critical velocity are far less than the melting temperature in every case, 
revealing that jetting does not rely on softening associated with melting. b. These snapshots show 
the typical temperature distribution over the contact time, until maximum penetration, in Cu particle 
and substrate at critical velocity. No sign of melting is observed when the jet starts to form.  
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Extended Data Figure 3 | Stress distribution. a. Instantaneous yield stress normalized with the 
initial yield stress for the particles impacted at critical velocity, when material disintegration first 
begins in an already-formed jet. The yield stress in the jet region is higher than the initial yield 
stress for Cu, Al, Ni, and a large fraction of it for Ta. In no case has the yield strength been 
compromised to a value near zero. The fact that we observe an early material jet without indications 
of thermal softening suggest that adiabatic localization cannot be the cause for material jet 
formation. b. These snapshots show the instantaneous yield stress distribution normalized with the 
initial yield stress over the contact time, until maximum penetration, in a Cu particle at critical 
velocity. No sudden drop in stress is observed when the jet starts to form.  
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Extended Data Figure 4 | Strength effect. a, Simulated deformation of a 10-micron Cu particle 
impacting a Cu substrate at 550 m/s, where we increased the strength term in our models from 1 to 
2,3,5 and 10 times higher values from left to right. We notice that material ejection and jet formation 
persists clearly despite a factor of 5 increase in strength, with even some tendency still observable 
at a factor of 10 increase in strength; this reveals the negligible role of strength in jet formation, 
and is a reasonable result in light of how far beyond the yield strength the pressures that evolve are 
for supersonic impacts (cf. Figure 3). b, The series of impact velocities at which we first observe 
fragmenting along with jetting in our simulations, as a function of the strength term in Cu. Note 
that an increase in material strength by a full order of magnitude only shifts the fragmentation 
velocity by ~25%. What is more, such strength levels (10σo ~ 1 GPa) are unphysically high for Cu 
and constitute a significant fraction of the induced impact pressure, ~10 GPa. The strength effect 
seen here is thus extremely small and negligible over a physically reasonable range of material 
strengths, in contrast to some literature suggestions 8,13.   
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Extended Data Figure 5 | Temperature effect. We compare the deformation of 10-µm Cu 
particles with initial temperatures of a, 298 and b, 563 K (corresponding to T*=(T-Troom)/(Tmelt-
Troom) equal to 0 and 0.25) impacting a Cu substrate with the corresponding critical velocities i.e. 
550 and 475 m/s respectively. The particle with higher initial temperature endures much more 
deformation and shows jet formation at a lower impact velocity. The particle at higher temperature 
penetrates 1 micron less into the substrate, and becomes flatter despite impacting at a lower 
velocity. c, Increasing initial particle temperature decreases the critical velocity in a manner that 
can be reasonably fitted with a square root relation that disappears at the melting point.   
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Extended Data Figure 6 | Size effect. We compare a, 10- and b, 50-micron Cu particles with the 
same initial temperature impacting Cu substrate with the same velocity when they are at the 
maximum penetration into the substrate. Although the general deformation features including the 
flattening ratio (particle height divided by particle diameter after deformation) are similar, the 
homologous temperature distribution reveals that the temperature in the jet region is higher for the 
larger particle and shows a larger spatial gradient. This makes larger particles softer and more prone 
to jetting. c, Increasing particle size increases the induced temperature in the particle jet with an 
apparent power law relation fitted as shown.  
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Extended Data Figure 7 | Multi-frame sequences with 5 ns exposure time showing a single Al 
particle impacting on an Al substrate. The microparticle arrives from the top of the field of view 
with a speed of 765 m/s, impacts the substrate and subsequently rebounds with a speed of 35 m/s. 
The relative delay from the initial image is shown at the top of each frame. The images are cropped 
from their original size to show the region of interest (see Supplementary Videos S1 for a full-field 
view). The vertical scale bar is 50 µm. 
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Extended Data Figure 8 | Finite element model of a metallic particle impacting on a metallic 
substrate. The particle is treated in the Eulerian domain where material flows through the elements. 
The substrate is treated in the Lagrangian domain where material deformation is captured by 
element deformation. 
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Extended Data Table 1 | Physical, thermal and mechanical parameters of the four 
materials used in the simulation31-34. 
 Cu Ni Al Ta 
Density (kg/m3) 8960 8908 2700 16690 
Specific heat (J/kg K) 384.6 444.2 896.9 140.2 
Melting temperature (K) 1357 1728 933 3290 
Heat of Fusion (kJ/kg) 208.7 297.8 396.9 202.1 
Conductivity (W/m K) 401 90.9 237 57.5 
Shear Modulus (GPa) 48 76 26 69 
Poisson's ratio 0.34 0.31 0.35 0.34 
Bulk Modulus (GPa)  140 180 76 200 
C0 (m/s) 3952.8 4495.2 5305.5 3461.7 
s 1.49 1.44 1.339 1.2 
Γ0 2.01 1.83 2.17 1.61 
A (MPa) 90 163 148.4 684.5 
B (MPa) 292 648 345.5 205.3 
n 0.31 0.33 0.183 0.78 
C 0.025 0.006 0.001 0.043 
m 1.09 1.44 0.895 0.344 
𝜀0̇ (s
-1) 1 1 1 3500 
𝑇𝑟𝑒𝑓  (K) 298 298 293 298 
 
 
 
